New fluorescence microscopy techniques, such as confocal or digital deconvolution microscopy, allow to easily obtain three-dimensional (3D) information from specimens. However, there are few 3D quantification tools that allow extracting information of these volumes. Therefore, the amount of information acquired by these techniques is difficult to manipulate and analyze manually. The present study describes a model-based method, which for the first time shows 3D visualization and quantification of fluorescent apoptotic body signals, from optical serial sections of porcine hepatocyte spheroids correlating them to their morphological structures. The method consists on an algorithm that counts apoptotic bodies in a spheroid structure and extracts information from them, such as their centroids in cartesian and radial coordinates, relative to the spheroid centre, and their integrated intensity. 3D visualization of the extracted information, allowed us to quantify the distribution of apoptotic bodies in three different zones of the spheroid.
T hree-dimensional (3D) analyses of biological specimens have represented one of the major achievements of modern biology. It is a crucial prerequisite for understanding complex biological assemblies (Agard, 1984) . This, in association with the development of tools for precise quantification (Arndt-Jovin, 1985) , would seem to be completely known. However, typical volume analyses are still done, using physical-sectioning techniques combined with stereological methods. Those techniques naturally produce loss of 3D information, which in turn, affect the details of microscopy images. In addition, the human brain is not particularly good reconstructing 3D structural information from a stack of bi-dimensional (2D) slices (Chen, 1995) . Hence, the 2D analysis of individual sections is not a good approach to obtain information of the 3D structural functional data. In addition, this is worsened when 3D quantitative analyses are required.
3D analyses difficulties have been partially solved by new fluorescence microscopy techniques, such as confocal or digital deconvolution microscopy, which have allowed to easily obtain 3D information from specimens. Currently, the amount of 3D information obtained with these techniques is greater than that obtained with 2D conventional techniques, but this has begun to be a problem, since it is very difficult to manipulate and analyze it.
Initially, we implemented digital deconvolution microscopy techniques to expand our studies from the 2D to the 3D domain.These combine computerbased methods with optical sectioning (Adur and Schlegel, 1997) and make 3D visualization of fluorescent biological signals possible. The system is controlled by a specialized software, SUMDD (from the Spanish: Software para Usuarios de Microscopía de Desconvolución Digital) (DiazZamboni, 2004) . A typical session of the system consists on the following steps: optical sectioning of the specimen, point spread function (PSF) determination, deconvolution, 3D visualization and quantifi-cation ( Figure 1 ).
3D visualization is the first step required for correct qualitative analyses. 3D quantification is a more useful tool for analyses, because it produces results that are readily comparable, enabling more precise knowledge about error propagation and, hence, much more correct statistical analyses. Finally, automatic 3D quantification raises the speed of analyses and avoids the introduction of non-systematic errors, such as fortuitous human errors. Figure 1 summarizes the structure of the system and steps followed in order to perform analyses.
In order to add an automatic 3D quantification tool that our system was lacking, we developed one based on the mathematical background of the model-based methods. In these, the model represents the expected shape and local gray level structure of a target object in an image (Cootes, 2000) . Specifically, a biological phenomenon is analyzed and described in a mathematical form. Once a model has been tested, it may be used to quantify as many times as necessary, for instance, for the same biological phenomena under different conditions.
We first developed a generic 3D quantification algorithm. It searches for a type of specific morphological element inside a volume. The algorithm was implemented in calculus software and it depends on a set of parameters, which must be established before processing so that it will be in accordance with the biological phenomenon under study. In the current paper, we will discuss how the model was set up, the algorithm's logic and its performance with a known biological phenomenon. For the latter, we used hepatocytes apoptosis in spheroids employing a TUNEL assay method.
Hepatocytes cultured as spheroids are the key functional element of bio-artificial livers (BALs), which are a kind of device in which patient plasma is circulated extracorporeally through a bioreactor that houses metabolically active liver cells sandwiched between artificial plates or capillaries. BALs implementation is one of the most important objectives of many research groups. The main therapeutic use is to treat patients with acute liver failure and patients waiting for liver transplantation (Strain, 2002; Sakai, 1999) .The aggregate culture of rat or porcine hepatocytes has been demonstrated to be superior to conventional culture techniques (Klieser, 1997; Griffit, 2002) . Therefore, various research groups have attempted to use this approach in bio-artificial liver systems (Sakai, 1999; Lorenti, 2003) . However, hepatocyte longterm viability and function maintenance in actual operating bio-artificial liver systems is still difficult to obtain (Sakai, 2001) . Hence, how cell viability in spheroids improves using this new technique must be evaluated. For these reasons, appropriate and precise tools for 3D quantification are critical.
Hepatocytes in spheroids retain many morphological characteristics of those in vivo, including the polyhedral shape. Shape conservation is intimately related to the organization of the cytoskeleton, which in spheroids resembles that found in vivo. This kind of culture establishes more cell-cell contacts than other types such as monolayers, and maintains many differentiated functions (Hamilton, 2001) . Therefore, spheroids are three-dimensional structures with well-defined morphological features, which determine the proper physiological functionality. Any change in the 3D morphology of the spheroids may produce distortions in their ability to maintain differentiated hepatic-specific cellular functions.
To evaluate hepatocyte formation in spheroids, 2D techniques -such as electron microscopy, phase contrast microscopy and immunohistochemistryare usually used (Klieser, 1997; Hamilton, 2001; Jiang, 2002; Lorenti, 2006) . In order to improve this kind of analyses, we show how a modern 3D microscopy technique combined with automatic quantification contributes with very significant results. To achieve this, cell necrosis and apoptosis in spheroids growing in culture were visualized, using the TdT-mediated dUTP nick end labeling (TUNEL) technique. Additionally, for the first time, apoptotic bodies were automatically quantified in relation to the three different volume zones, considering the number of fragmented-DNA cells, apoptotic bodies, inside the spheroid.
Materials and Methods

Microscopy system
The system used to obtain the optical sections of spheroids was developed in our laboratory and it is shown in Figure 2 . It is based on an Olympus BX50 upright microscope equipped with both an UV lamp for epi-fluorescence and a halogen lamp for transmitted light. The recording system consists of an Apogee CCD camera Model AM4, attached to the microscope, with a sensor of 768x512 pixel 2 , square pixels with sides 9 micrometers long, 14 bits of resolution and cooling system. In addition, a stepping motor RS 440-436 was connected to the micrometric screw of the microscope, via a 1:100 reducing box (Adur and Schlegel, 1997) . We have also developed a software named SUMDD (DiazZamboni, 2004) , which controls both the camera via an ISA card and the stepping motor via parallel port, allowing image capture, focusing by keyboard, optical sectioning, 3D deconvolution and visualization.
Point spread function determination
Fluorescent beads of 2 micrometers (µm) were optically sectioned with a 10x objective UPlanApo lens, to obtain the corresponding PSF. They were selected to be close to the resolution limit of the microscope and optically sectioned from bottom to top following modified Kozubek's protocols (Kozubek, 2001) . Each image was an average of three captures, which were then background corrected. Images were finally stored in TIFF format, gray scale with 8 bits of resolution.
Optical sectioning and deconvolution algorithm
An optical-section series of 2 µm of thickness was obtained using the 10x objective, for each spheroid. The number of sections was selected, guaranteeing that the set of optical sections would contain the whole specimen. The conditions of image capture were the same to those used for the PSF determination. The XY resolution was selected to be 512x512 pixel 2 , allowing the largest possible image for fast processing. Our deconvolution algorithms (Diaz-Zamboni, 2003a ) use an implementation of the Fast Fourier Transform (FFT), which requires that the total amount of elements is a power of 2.
Total magnification of the system was determined multiplying the magnification of the objective by the magnification of the lens coupled to the camera (0.5x).Then, we made use of the magnification formula, which establishes that the square of the total magnification of an optical set up is the square root of the division of the image plane area by the object plane area, as is shown in Equation 1.
Eq. 1 Field of View Since the total magnification, number of pixels in X and Y directions, and CCD sensor pixel size are known, it was possible to calculate the pixel size in the object plane, which resulted in 1.8 x 1.8 µm 2 . The camera was cooled down to between -11ºC and -15ºC, in order to reduce electronic noise in the image acquisition process, consequently increasing the signal-noise ratio. Images captured were background corrected and stored in TIFF format, gray scale with 8 bits of resolution.
At the same time, a series of transmitted light images were obtained in the same focal planes to have a reference of the spheroid contour.
Spheroids were mounted on slices, which were marked with a thin line on one side, to have a reference of the bottom of the spheroids. In this way, the line was manually focused, constituting the starting point of the sectioning process. Each spheroid was then localized near the line without moving the stage in the axial direction until it fit inside the field of view and the optical sectioning process started, moving the stage downwards automatically, so images in different focal planes were taken from bottom to top of the spheroid.
Digital deconvolution was done after the optical sectioning process, in order to correct the optical system's distortions using the PSF. This was done with an implementation (Diaz-Zamboni, 2003b) of a regularized least square algorithm (Preza, 1992) to deconvolve 3D data sets.
Several types of deconvolution methods exist, which are classified by the convolution model implemented. A good approach to the formalism of these algorithms is given in recent publications (Sarder, 2006) (Sibarita, 2005) . However, it is convenient to divide deconvolution algorithms in two groups: deblurring and restoration. The former include those algorithms that are fundamentally 2D, since they apply a plane-by-plane operation to each 2D section of a 3D image stack.The latter are accurately 3D because they operate simultaneously on every voxel in a 3D image stack (Wallace, 2001) .
Deblurring algorithms are characterized for removing or eliminating out-of-focus information; they are easy to compute and operate very fast. These algorithms are useful as a first attempt to visualize object structure. However, they are not recommended in quantification procedures because image intensities are removing in an unknown proportion. On the other hand, restoration methods reassign defocused information to its original position in the 3D image stack. Commonly, some implementations of restoration algorithms are slower than deblurring methods because the majority are iterative, which implies a repetitive computational task with the goal of finding a solution that approx-imates the real specimen. Nevertheless, one-step restoration algorithms are faster than iterative ones and similar to deblurring methods. The regularized least square method is a precise and fast restoration method useful when quantification is involved (Preza, 1992) .
Spheroids
From a set of porcine hepatic spheroids, three were selected by diameter and fixed with 4% formaldehyde in 0.1 M PBS pH 7.2 and stored at 4°C.The spheroid's mean diameter was obtained by averaging the longest and shortest diameters both using a caliper and by digital image measurement. The spheroids selected had 524 µm, 622 µm, and 682 µm of mean diameter.
The spheroids were washed with PBS 1X, permeated with Triton 0.1% X-100 and 0.1% Sodium Citrate for 25 minutes, then washed again twice with PBS 1X. TUNEL reactions were carried out according to the supplier's instructions (Boehringer Mannheim GmbH. In situ cell death detection fluorescein kit). Next, the spheroids were washed three times more with PBS 3X, and possible aqueous remnants were eliminated. Finally, spheroids were mounted with Vectashield (Vector) and optically sectioned with a 10x objective lens using a 2 µm zstepping.
3D quantification algorithm
A special algorithm, based on the background of the model-based methods, was developed to quantify apoptosis in spheroids. In these methods, the model represents the shape and local gray level structure of a target object in an image (Cootes, 2000) .The proposed algorithm implements a model that is applied to deconvolved images of apoptotic bodies in spheroids, whose signal is obtained by TUNEL.
The first assumption made was that each spheroid was spherical.The mean radius was obtained by digital image measurement. In order to achieve this, a thresholding process was used, which is a segmentation procedure useful for information extraction (Castleman, 1996) . Since the hepatic spheroid is not transparent to visible light, its transmitted light microscopy image is highly contrasted. Image analysis showed a bimodal histogram, therefore its valley's intensity range was used to determine spheroid contour. Next, images were binarized so that all values that were between those threshold levels were converted to 255 and the others to zero. For radius measurements we selected the central image of the stack because it has information of the spheroid equatorial circumference. The radius of each spheroid was obtained tracing lines diametrically along the minor and major diameters of the spheroid, measuring their length, averaging them and then dividing by two. This value was called R. This confirmed the manual selection of spheroids previously done using the caliper. This process was also done in other three images equally spaced in the stack and then logically added to corresponding images of the deconvolved stack to have a reference for 3D visualization.
In order to determine the distribution of the apoptotic bodies in a spheroid relative to its center, the centroid was established tracing two lines diametrically, corresponding to the minor and major diameters of the spheroid. These coordinates were called XC, YC. A third coordinate ZC was previously determined; since optical sectioning was done guaranteeing that the spheroid equator was in the middle of the stack. Hence, the distance of any point with cartesian coordinate (x, y, z) can be written relative to the centroid of the spheroid in the following way:
Eq. 2
Those points with rp between zero and R (0≤ rp<R) were considered to be inside the spheroid; a criterion implemented considered which points were inside and which were outside the spheroid.
A small bright sphere was used to model an apoptotic body. It can be seen in the deconvolved stack as a brilliant small spherical body with an even brighter center. For our purposes the minimum radius allowed was 2 µm and the maximum was 10 µm, because this is the size range of a normal hepatocyte nucleus (Hamilton, 2001) .These values were called the minimum (rmin.ap) and maximum (rmax.ap) apoptotic radius respectively.
Fluorescence retrieved with an acquisition device has a range which is a set of consecutive values usually given in gray levels. In general, fluorescence signals of biological interest are in the superior segment of the dynamic range available of the acquisition device. Particularly, when a signal is captured with a CCD camera, its dynamic range lies between 0 and 2 n -1; where n is the resolution of the camera in bits, and it determines all possible gray levels of a fluorescence digital image (Swedlow, 1997) . Thus, more formally, the fluorescence signal ranges between a minimum and 2 n -1. These values are referred to as minimum fluorescent signal (m) and maximum fluorescent signal (M). Consequently, any value between 0 and m is considered as background and values between m and M are biological fluorescent signal.
Since each apoptotic body was approximated by a small brilliant sphere, it was necessary to define parameters that consider both geometry and intensity.To solve this, minimum and maximum integrated intensity values were defined. Minimum integrated intensity (mii) is defined as the sum of voxels intensities -the three-dimensional analogue of a pixel-of the smallest and dimmest sphere that represents an apoptotic body. That is, the sphere with radius rmin.ap in which all voxels have the minimum intensity level considered as fluorescent signal, m. Equations 3 and 4 result from the solution of the analytical integral of the intensity functions in the spherical volume, defined by rmin.ap and rmax.ap, respectively. Since intensity in both cases is a constant -m and M, respectively-, the integral's outcome is the multiplication of the constant by the volume of the sphere, which corresponds to the second factor of the equations, in between brackets. Figure 3 shows a depiction of the apoptotic body model previously explained; intensity line profiles are also presented to illustrate the parameters proposed. This must be extended to 3D in order to be in accordance with the mathematical analysis presented.
Finally, automatic counting of apoptotic bodies was implemented in calculus software. That is to say, a computer program loads a complete optically-sectioned stack and decides which apoptotic bodies are inside of a spheroid and which are not, depending on the values of the parameters previously defined. Then, it analyzes if there is any point in the volume (voxel) which falls in the intensity range considered as fluorescent signal, between m and M. If there is no point in that range, the algorithm stops. Otherwise, the algorithm examines the integrated intensity around them. An apoptotic element is recognized as such if it has an integrated intensity value between mii and Mii. This is evaluated summing the intensity of the voxels up to rmin.ap and then up to rmax.ap. Finally, the zone processed is darkened with zeros, and the algorithm will not recognize it again in the following iteration. Figure 4 shows a flow diagram of the algorithm.
The output of the algorithm consists on a list of the apoptotic bodies detected. This also contains their centers in cartesian and radial coordinates, relative to the spheroid centroid and its integrated intensity.
For 3D visual analysis, the coordinates of apoptotic bodies' centers were used to render points in 120 J.E. Diaz-Zamboni et al. 
Analysis of apoptotic body distribution
Each spheroid was divided into three volumes of the same size. An inner zone named Zone 1, a middle zone called Zone 2 and an outer shell zone named Zone 3. That is to say, volumes V1, V2 and V3, respectively, where V1=V2=V3, which can be written as shown in Equation 5. Where, r1 defines Zone 1; r2-r1, Zone 2; and R-r2, Zone 3. Then, when these equalities are solved to find r1 and r2, it is possible to write them in terms of R. In other words, r1=69.34% of R and r2=87.36% of R. The algorithm's output was corrected considering the mean radius of spheroids and it was statistically treated to determine the distribution of apoptotic bodies in the volume. In order to do so, radial coordinates of each apoptotic body detected was normalized relative to the mean radius of spheroids.
Results
In order to obtain good results in deconvolution it is important to capture the specimen and the PSF in the same conditions, which must be optimal for the microscope system to obtain the best restoration. To achieve this, the captured PSF should be symmetric, that is to say, independent of optical constructive aberrations; the set up should be optimally tuned so as to obtain as symmetric a PSF as possible (Kozubek, 2001 ).This is done by analyzing different PSFs in dissimilar optical conditions, taking into account axial (Z) and radial (X-Y) symmetry. In general, objective lenses are corrected for spherical aberrations therefore it is common to find very good radial symmetry. However, axial symmetry is highly dependent on the refractive index of the different mediums involved, so it is very important to select correct optical elements (slide glasses and coverslips), immersion oils and mounting mediums (Adur, 2006) . As an example of axial asymmetry, Figure 5 shows three different PSFs which correspond to three different coverslip thicknesses. Left and right images show an aggravated asymmetry which is not observed in the middle figure . Figures 6a and 6b show maximum intensity projections of the 3D reconstruction of optical sections before and after deconvolution, respectively. Conventional fluorescent volumes contain in-focus information together with out-of-focus contributions from the remainder of the specimen. Thus, on a 3D raw image it is difficult to identify and quantify apoptotic bodies (Figure 6a ). However, after restoring the out-of-focus information to its corresponding spatial position, using a specific deconvolution algorithm (Preza, 1992; Diaz-Zamboni, 2003b) , it is possible to identify the biological signal. In the present work, in addition to having a visual reference of the position of a specific signal, we logically add the perimeter of the spheroid in some optical sections, which were obtained by thresholding their analogous transmitted microscopy images (Figure 6b ). For better analysis, a second projection is shown in Figure 7 , which corresponds to a portion of the volume projected in Figure 6 . In this projection, contrast and axial resolution (parallel to red lines) of the deconvolved image (right) are improved. Details in deconvolved projection are noticeable whereas in raw projection they are obscure by defocus information.
Visual analysis of apoptotic body distribution was done using the output data set of the quantification algorithm. Some projective planes are shown in Figures 8a, 8b and 8c. Apoptotic bodies are represented by points rendered in the coordinates of apoptotic bodies' centers. This improves performance since the complete volume is not rendered, but only important information is. With the purpose of enhancing analysis, delimitating surfaces (which represent boundaries between Zones 1, 2 and 3) are also rendered in these figures. By viewing these projections, the density of apoptotic body distribution inside the spheroid is noted. Nevertheless, in order to quantify, a more rigorous analysis is necessary.
Statistics treatment of the algorithm's output was performed to complete the 3D quantification analysis. In order to do this, apoptotic bodies were classified according to their position. Then, the mean and standard deviation of the relative posi-
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Most apoptotic bodies were found in Zones 1 and 2. The amount of apoptotic bodies in each region were normalized according to the mean spheroid radius as shown in Table 2 .
Discussion
Confocal and deconvolution microscopy techniques usually provide clean images, but they do not permit the visualization of the complete morphological structure of a specimen at a time. Information extraction processes were implemented to solve this limitation, using a simple model-based method to analyze 3D microscopy images (Cootes, 2000) .The border line of spheroids was determined and used to analyze the distribution of apoptotic bodies visually. This 3D tool permits many different views and animations of the specimen; it enables the manipulation of many data sets and automatic processing of them. This also lets us avoid the most tedious work and subjective error source involved in quantification analyses: counting.
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Original Paper Apoptotic body quantification in terms of spheroid size was selected to evaluate the usefulness of this tool. It is known that apoptosis or even necrosis may arise in the central portions of the aggregates when spheroids are grown for extensive periods of time (Lorenti, 2003; Lorenti, 2006) . This effect is accentuated as spheroid size increases. In a big spheroid, with radius longer than 300 µm, apoptosis accumulates in its center and eventually may lead to secondary necrosis; for many years, hypoxia has been proposed as the cause of these (Klieser, 1997) .
Using the automatic method of processing presented in this paper, apoptotic bodies were found mainly in the middle region of big spheroids (524 µm, 622 µm and 682 µm) but with small difference with to respect to the central region. The small quantity of apoptotic bodies in the central zone could be explained by the effect of material absorption. This phenomenon is observed in Figure 9 , where a 2D slice of an equatorial zone was treated with a classical toluidin blue stain protocol.
3D quantification and visualization enable more realistic views and more precise results, and in consequence more objective analysis. There are very small discrepancies with previous 2D results. New experiments using 3D quantification tools may be performed in the future to extract more information and complement conventional 2D studies.
In conclusion, we presented a computer-based method, which allowed us to show 3D visualization and quantification of apoptotic bodies' fluorescent signal from optical sections of porcine-hepatocyte spheroids, relative to morphological structures, for the first time. This tool is now available to perform 3D analyses on thick specimens or whole embryos, and it is powerful enough to be applied to other kinds of biological phenomena with similar characteristics of intensity and geometry.
As future work, it would be important to undertake a more precise approach to estimate the surfaces making use of a semiautomatic 3D segmentation method that employs gray levels or gradients to extract border information of spheroids, which would be rendered using active contours. The main problem of this kind of reconstruction is that it is highly dependent on the segmentation method; therefore, it is convenient to determine the optimum segmentation procedure for fitting a surface that represents the mean actual boundary of the spheroid.
A final objective should be to estimate the number of apoptotic cells relative to spheroid form and size. To achieve this, fluorochrome concentration should be determined to calibrate the system in order to predict individual apoptotic cell based upon fluorescence intensity of apoptotic bodies; however to achieve this, it is necessary to standardize concentrations versus intensities in a widefield microscope by means of calibrations curves (Fink, 1998) .
The methodology presented in this paper is applicable to any 3D microscope. Nevertheless, it is crucial to analyze the 3D information that the system captures in order to adapt the method to other microscopy set-ups such as scanning-confocal or 4pi-confocal microscopy.
